Propolis is a resinous material that honeybees produce from exudates of various plants and beeswax in a beehive, and has been used for folk medicines and foods since ancient times in many parts of the world. 1) Propolis has been known to possess antibacterial, 2) antiviral, 3) antitumoral, 4) antioxidative, 5, 6) immunomodulatory, 7) and other beneficial properties. 1, 6) These biological and pharmaceutical effects and chemical constituents of propolis have been mainly studied on samples of Central and Eastern European propolis. [1] [2] [3] [4] [5] [6] [7] [8] On the other hand, Brazilian propolis recently has been widely marketed in various foods and beverages with the intention of preserving or improving human health. There are many preparations with regional differences that may be attributed to different flora. Investigations on chemical and biological properties of Brazilian propolis started within the last 5-6 years, [9] [10] [11] [12] [13] [14] [15] in comparison with the earlier ones on European propolis.
In the present report, we describe the isolation and characterization of antioxidants in Brazilian propolis in terms of a lipid peroxidation assay, according to the method of Kharasch 16) except that 2,2Ј-azobis(2-amidinopropane) dihydrochloride (AAPH) is used as oxidant. 17) Especially we report the isolation, elucidation of structure, and antioxidative activity of a new compound, 3,4-dihydroxy-5-prenylcinnamic acid (3-[3,4-dihydroxy-5-(3-methyl-2-butenyl)phenyl]-2-(E)-propenoic acid).
Results and Discussion
Isolation of Antioxidative Compounds from Propolis We preliminarily examined various ethanol-water mixtures for their extraction efficiency and inhibition of peroxidation of linoleic acid. Among them, use of 70% ethanol as a solvent for extraction afforded a high extract yield (44.5%, expressed as a percent of the amount of dried extract to that of the applied crude propolis) and high antioxidative activity (IC 50 , 0.4 mg/ml). Moreover, resinous compounds in the extract derived from propolis, that were not desirable for our study, were decreased under this condition. On the other hand, the water extract gave a lower yield (11.1%), even though the inhibitory activity (IC 50 , 0.4 mg/ml) was similar to that of 70% ethanol extract. Therefore, 70% ethanol was selected as a solvent in the present experiment.
Propolis was cut into small pieces and extracted with 70% ethanol for one day under stirring at room temperature. After filtration and concentration in vacuo of the extract, the residue was partitioned with ether and water to give an ether extract. The ether extract was chromatographed on a silica gel column to give 3 fractions (Fr.1-Fr.3), and then these fractions were repeatedly separated by a combination of different kinds of chromatographies, assessing antioxidative activity by monitoring the inhibitory activity against peroxidation of linoleic acid to give the 12 compounds. Fraction 1 afforded 4Ј,6-dimethoxy-3,5,7-trihydroxyflavone (betuletol, 1), 18) kaempferide (2), 3,5-diprenyl-4-hydroxycinnamic acid (artepillin C, 3), 10, 19, 20) 4-dihydrocinnamoyloxy-3-prenylcinnamic acid (4), 10) and 6-(2-carboxyethenyl)-2,2-dimethyl-2H-1-benzopyran (5). 10, 21) 4-Hydroxy-3-prenylcinnamic acid (drupanin, 6), 19, 22) 4-hydroxy-3-prenylbenzoic acid (7), 23 ) and 6-methoxykaempferol (8) 18, 24) were obtained from fraction 2. Finally, separation of fraction 3 gave 4-hydroxy-3-(E)-(4-hydroxy-3-methyl-2-butenyl)-5-prenylcinnamic acid (capillartemisin A, 9), 25) 3-methylkaempferol (10), 26) kaempferol (11) , and a new compound, 3,4-dihydroxy-5-prenylcinnamic acid (12) (Fig. 1) ]. The connectivities of the quaternary carbons in 12 were characterized by correlation spectroscopy via the HMBC spectrum ( Fig. 2A ). The HMBC spectrum shows that the H-2 proton and H 2 -10 protons correlate with the carbon at d C 147.4 (C-4), suggesting that the d C 147.4 carbon lies at the fourth position in the aromatic ring. The observations that the H 2 -10 protons correlate with the C-4 and C-5 carbons and the H-6 proton correlates with the C-10 carbon indicate that the prenyl group connects with the aromatic ring at the fifth position. These findings led us to decide the structure of compound 12 as 3- Fig. 1 . Furthermore, the observation of NOE correlations between the protons of compound 12 ( Fig. 2B ) supports this structure.
Inhibition of Peroxidation of Linoleic Acid by Compounds 1-12
The inhibitory activity against peroxidation of linoleic acid in a micelle solution was examined for compounds 1-12. Table 1 summarizes their inhibitory potency. We found that compound 12 possessed the highest activity (IC 50 , 0.17 mM) among them and was more effective than butylated hydroxytoluene (BHT; IC 50 , 0.36 mM) under the experimental conditions employed. Among other isolated compounds, compounds 3 and 9 were also strong antioxidants, of which the antioxidative potency was first demonstrated in this study. Since compound 12 is a derivative of 4-hydroxycinnamic acid, its antioxidative activity was compared with that of various 4-hydroxycinnamic acid analogues. Table 1 also indicates that compound 12 was the strongest antioxidant among them and exhibited antioxidative potency higher than that of the well-known antioxidant ellagic acid. As to the structure-activity relationship of 4-hydroxycinnamic acid analogues, we found that the antioxidative potency was high when the hydroxyl, alkyl, or methoxy group occurs at the ortho position of the 4-hydroxy group. Further, the data in Table 1 indicate that 4-hydroxycinnamic acid derivatives were more effective than 4-hydroxybenzoic acid derivatives. Several authors have shown that ortho substitution with an electron donor, alkyl or methoxy group, increased the stability of the aryloxyl radical through electron delocalization and its antioxidative action and that further ortho dihydroxy substitution allowed metal chelation in addition to strong radical stabilization. 27, 28) Concerning the difference between the CϭC-COOH group and the COOH group, it has been proposed that the former group participates in stabilizing the aryloxyl radical by resonance. 27) Our observations support this suggestion and can explain the fact that the novel compound 12, possessing both the electron donor ortho prenyl group and ortho dihydroxyl groups, exhibits strong antioxidative potency. Among the isolated flavonoids kaempferide 2 and kaempferol 11 were effective. Comparing the structure-activity relationship of these flavonoids, the introduction of the hydroxyl group at the third position increased the activity of radical scavenger. These results agree with those reported previously. Compounds 1-6 were present in abundance in the Brazilian propolis [content %: 1 and 2 (combined), 0.9%; 3, 3.5%; 4, 0.4%; 5, 0.4%; 6, 1.4%, calculated by HPLC analysis]. While the other isolated constituents were small in amount (content of those constituents was less than 0.1%.). Among the isolated prenylcinnamic acid derivatives, 3-6 and the 3-methyl ether of 12 were previously reported to occur in different Baccharis species of Compositae that grow in tropical South American regions. [31] [32] [33] Recently it was proposed that Baccharis sp. are probably one of the main plant sources of the Brazilian propolis, 12, 13, 15) and our findings support this proposition. To our knowledge, the isolation of compounds 7-10 from Brazilian propolis reported herein is the first instance of isolation from this source.
The present results clearly demonstrate that 3,4-dihydroxy-5-prenylcinnamic acid 12 isolated from Brazilian propolis is a novel potent inhibitor of lipid peroxidation. With respect to the constituents of propolis, it seems that 4-hydroxy-3-prenylcinnamic acid derivatives are more abundant in Brazilian than in European propolis. 12, 13) Among them, 3,5-diprenyl-4-hydroxycinnamic acid 3 is one of the major antioxidants in Brazilian propolis. This compound is well known to possess antibacterial, 10) choleretic, 19, 20) and antitumor 34) properties. Since the structure of compound 12 is similar to that of compound 3, the former is an attractive material with respect to curing and preventing diseases mediated by free radicals. Further study on its practical application to medical and biological fields is being done in our laboratory. C-NMR, JEOL, Tokyo); MS spectra, JEOL-Mstation JMS700 spectrometer (JEOL); HPLC spectra, LC-4A liquid chromatograph equipped with SPD-2AS UV detector (Shimadzu). Separation by HPLC was performed on a reverse-phase TSKgel ODS-80TM column (15 cmϫ4.6 mm i.d., 5 mm, Tosoh, Tokyo) with watermethanol-acetic acid (32 : 65 : 3) as a mobile phase at a flow rate of 1 ml/min at 36°C, and absorbancy of the eluate was monitored at 275 nm. For HPTLC, detection was achieved by illumination with a UV lamp at 254 nm.
Experimental
Isolation of Constituents of Propolis Propolis (216 g) was extracted with 70% ethanol (3.2 l), and the extract was concentrated in vacuo. The residue (103 g) was suspended in water and extracted with ether (4 lϫ3) to give an ether extract (71 g). The ether extract was chromatographed on a silica gel column A with chloroform and then with chloroform-methanol (60 : 1-10 : 1) to give 3 fractions (Fr. 1-Fr. 3).
Fraction 1 (30 g) was rechromatographed on a silica gel column B with chloroform and then chloroform-methanol (40 : 1-10 : 1) to give 3 fractions (Fr. 1-1, Fr. 1-2, and Fr. 1-3). Fraction 1-1 (4.3 g) was purified by silica gel column B chromatography with chloroform-methanol (50 : 1-10 : 1) and washing with chloroform-methanol (3 : 1) to give compound 1 (90 mg). Fraction 1-2 (10 g) was chromatographed on a silica gel column B with chloroform-methanol (60 : 1-10 : 1) to give Fr. 1-2-1 and Fr. 1-2-2. Fraction 1-2-1 (1.1 g) was washed with chloroform-methanol (100 : 1) to give compound 2 (120 mg). Fraction 1-2-2 (2.0 g) was purified by ODS column A chromatography with 80% methanol to give compound 3 (1.3 g). Fraction 1-3 (2.1 g) was successively subjected to silica gel column C chromatography with chloroform-methanol (20 : 1) and DMS column chromatography with 60-80% methanol to give Fr. 1-3-1 and Fr. 1-3-2. Fraction 1-3-1 (430 mg) was applied onto a DMS column with 65-70% methanol, and then twice onto an ODS column A with 80% methanol to give compound 4 (87 mg). Repeated ODS column A chromatography of Fr. 1-3-2 (410 mg) using 75% methanol afforded compound 5 (170 mg).
Fraction 2 (14 g) was chromatographed on a silica gel column C with chloroform-methanol (50 : 1-10 : 1) to give Fr. 2-1 and Fr. 2-2. Purification of Fr. 2-1 (3.7 g) was carried out by silica gel column B, DMS column, and ODS column A chromatographies in a similar way to give compound 6 (220 mg). Fraction 2-2 (0.6 g) was chromatographed on an ODS column A with 65% methanol to give Fr. 2-2-1 and Fr. 2-2-2. Fraction 2-2-1 (83 mg) was successively subjected to silica gel column D chromatography with chloroform-methanol (30 : 1), preparative TLC with chloroform-methanol (10 : 1), and ODS column B chromatography with 65% methanol to give compound 7 (28 mg). Washing Fr. 2-2-2 (68 mg) with methanol provided compound 8 (15 mg). Fraction 3 (17 g) was chromatographed on a silica gel column C with chloroform-methanol (40 : 1-10 : 1) to give Fr. 3-1 and Fr. 3-2. Fraction 3-1 (5.0 g) was subjected to DMS column chromatography with 55-90% methanol to give Fr. 3-1-1 and Fr. 3-1-2. Fraction 3-1-1 (500 mg) was successively subjected to ODS column A chromatography and Sephadex LH-20 column chromatography with 70% methanol to give 9 (54 mg). Fraction 3-1-2 (250 mg) was purified in the same manner as for compound 9 to give compounds 10 (18 mg) and 11 (7 mg). Fraction 3-2 (2.8 g) was successively subjected to DMS column chromatography with 55-90% methanol, ODS column A chromatography with 70% methanol, silica gel column B chromatography with chloroform-methanol (20 : 1-5 : 1), and Sephadex LH-20 column chromatography with 70% methanol to afford compound 12 (24 mg).
Among the 11 known compounds, detailed data of compounds 7 and 10 were obtained first and are described here. Physical data of the new compound 12 were described in Results and Discussion.
Compound 7: 4-Hydroxy-3-prenylbenzoic Acid Inhibition of Peroxidation of Linoleic Acid Linoleic acid micelle solution was prepared by adding 0.35 ml of 600 mM linoleic acid in ethanol to 62 ml of 0.3% Lubrol PX-20 mM sodium phosphate buffer (pH 7.4) and then sonicating the mixture for 3 min. The reaction mixture (1 ml) contained 0.89 ml of linoleic acid micelle solution, 0.01 ml of a test sample dissolved in dimethylsulfoxide, and 0.1 ml of 5 mM AAPH in 0.3% Lubrol PX-20 mM sodium phosphate buffer (pH 7.4). The final concentration of each component was as follows : linoleic acid, 3 mM; AAPH, 0.5 mM; dimethylsulfoxide, 1%; and ethanol, 0.5%. After the mixture had been incubated at 37°C for 1 h, the reaction was stopped by the addition of 1 ml of methanol; and then 1 ml of the mixture was mixed with 4 ml of 70% methanol. Amounts of linoleic acid hydroperoxide were measured in terms of their conjugated diene with a UV spectrophotometer at 234 nm. As a control, 0.01 ml of dimethylsulfoxide was used.
